To assess whether striatal and pallidal neurones may contribute to bimanual co-ordination, two macaque monkeys were trained to perform a delayed conditional sequence of co-ordinated pull and grasp movements, executed either bimanually or unimanually. Most of the 58 task-related neurones, recorded from the caudate nucleus, putamen, external and internal divisions of the globus pallidus, exhibited an activity related to the execution of the movements. Only a quarter of neurones displayed preparatory activity.The majority of units exhibited a signi¢cant modulation of activity in unimanual trials irrespective of the hand used to perform the task. In bimanual trials, one-third of units exhibited discharge patterns re£ecting a bimanual synergy, suggesting a possible role for basal ganglia in inter-limb co-operation. NeuroReport 13:143^147
INTRODUCTION
In primates, it has been proposed that the supplementary motor area (SMA) is crucially involved in the control of bimanual movements requiring sophisticated spatio-temporal co-ordination between the two hands [1] [2] [3] [4] . However, ablation or transient inactivation of the SMA did not support this notion [5, 6] . In monkeys trained to perform a co-operative bimanual natural reach and grasp drawer task, a reversible inactivation of SMA did not induce a bimanual deficit per se, but rather a deficit of initiation of the selfpaced sequence of movement [5] . Nevertheless, for the same task, some SMA neurones exhibited an activity possibly reflecting a bimanual synergy [7] . However, comparable bimanual neuronal activities were also found in M1 [7] , and in a different bimanual task (more co-ordinative than cooperative in this case) a comparable proportion of bimanually related neurones was found in both M1 and SMA [4, 8] . In the drawer task [9] , bimanually related activities were also observed in the dorsal premotor cortex (PMd), cingulate motor areas (CMA) and posterior parietal cortex (PPC). To test the hypothesis that the basal ganglia may also contribute to bimanual control, a comparable drawer task was used to assess in macaque monkeys the discharge properties of striatal and pallidal neurones in relation to bimanual co-ordination.
MATERIALS AND METHODS
Experimental procedures are comparable to those used and described in our previous studies on this topic [5, 7, 9] . These procedures have been performed in accordance to the Guide for the Care and Use of Laboratory Animals (ISBN 0-309-05377-3; 1996) and approved by the Swiss veterinary authorities. Two monkeys (Macaca mulatta) were trained to perform a bimanual pull and grasp task, where a springloaded drawer was maintained open with the left (posture) hand while the right (manipulative) hand grasped a reward (food morsel) placed inside the drawer. Monkeys naturally co-ordinate temporally the two hands in such a way that there was an invariant left hand-right hand goal-related synchronisation, indicating that the present task is suitable to investigate mechanisms related to the control of bimanual co-operation [10] . For comparison, the animals were also trained to execute the same task unimanually [7] , using either the left (unimanual left trials) or the right (unimanual right trials) hand while the other hand had to remain quiet on a touch-sensitive pad.
The monkey faced a monitor screen, placed above the drawer, itself located in between two touch-sensitive pads on which the monkey has to position the hands in order to initiate a trial. Data acquisition started if this condition was fulfilled as indicated to the monkey by the display of two green circles on the monitor screen aligned with the left and right touch-sensitive pads, respectively. Following a variable delay (ranging from 1000 to 2000 ms), instruction signals for bimanual (two yellow circles) or unimanual (one yellow circle either on the left or on the right) trials were displayed on the screen. Following a delay randomly fixed at 500 or 1500 ms across trials, a go signal (green rectangle) was presented, prompting the monkey to perform the sequence of movements previously instructed. Bimanual and unimanual (left or right) trials were randomly mixed in blocks of 30-50 trials. In case of error, a red circle was displayed in the centre of the screen and the trial was interrupted.
Single unit activity, recorded chronically [7, 9] from the putamen, the caudate nucleus and the globus pallidus, was stored on-line in digital form (resolution, 1 ms) on a PC computer using the freeware Cortex (developed at the NIMH: www.cortex.salk.edu). The electrode was aimed at the basal ganglia with an orientation of 401 from vertical, going from lateral to medial, using an hydraulic drive system (Narishige), fixed to the chronically implanted chamber. The behavioural performance (such as reaction times) was assessed using signals corresponding to discrete events of the task, generated by sensors [7] . EMG activities related to such a bimanual task were presented and discussed earlier [7, 9, 11] . Neuronal activity was analysed off line, using raster displays and peri-event histograms (PEH). A statistical criterion was applied to establish whether an activity was considered as significantly modulated in relation to the task [7, 9, 12 ]. An average baseline activity of the neurone and its standard deviation (s.d.) were calculated using the activity recorded during a reference period when the animal was sitting quietly with both hands leaning on the touch-sensitive pads (epoch of 1 s preceding the presentation of the instruction cues). A level of activity which was higher, lower, than the average baseline activity (72 s.d.) was considered as a significant task-related increase, respectively decrease, of firing rate. This statistical criterion gave results consistent with a t-test ( po0.05) and a two-factor ANOVA ( po0.05) comparison between the activity during the considered epoch and that during the period of reference. Comparisons between bimanual trials and unimanual trials was performed only for epochs of the task which were comparable for the different conditions [7, 9] .
RESULTS
A total of 73 electrode penetrations were aimed at the basal ganglia in one or both hemispheres of the two monkeys. Based on the reconstruction of electrode tracks on the histological sections ( Fig. 1) , the recorded units were distributed across the caudate nucleus (Cd; n = 19), the putamen (Put; n = 40), the external (GPe; n = 44) and internal (GPi; n = 17) divisions of the globus pallidus. The units in Cd and Put were pooled together, corresponding to a location into the striatum (St; Table 1, Table 2 ). Nearly half of the recorded single neurones (58/120) exhibited a significant modulation of activity in relation to the task ( Table 1) .
Types of activities related to distinct epochs of the task: Significantly modulated activities were categorised as signal, preparation, and movement related when they were associated with the instruction signal, with the preparation of movement during the delay period (before the go signal) and/or with the execution of movement, respectively. Among the population of 58 modulated units, only four exhibited a response to the presentation of the instruction signal (Table 1) . A significant preparation activity was observed overall in about one-quarter of units, whereas movement related activity occurred in nearly all modulated units (Table 1 ).
The change of neuronal activities consisted either of an increase or of a decrease of firing rate, or in some cases a sequential combination of the two. The distribution of units exhibiting excitatory and/or inhibitory modulations (Table 1) shows that the former were clearly more frequent (ranging from 71 to 81%) than the latter (31-43%) in St, GPe and GPi.
Laterality: This classification deals with the modulation of the unit while the monkey moved one or the other hand. Units were thus classified based exclusively on their activity observed in unimanual trials, without taking into account bimanual trials [7, 9] . A contralateral unit exhibited a significant modulation exclusively when the monkey performed the task with the opposite forelimb. No ipsilateral unit, that would show a modulation of activity exclusively related to performance with the homolateral forelimb, was observed in the present sample of units. A [24] ). Units from both hemispheres have been pooled on this view of the basal ganglia on the left hemisphere (lateral is to the left). Units whose activity was non-modulated in relation to the task appear as dots, whereas modulated units are represented by oblique tics. In (a) the oblique line (Electr.) illustrates the orientation of the electrode penetrations (for clarity, the other electrode tracks were not represented by continuous lines). See text for abbreviations, except Thal = thalamus, LV = lateral ventricle.
bilateral unit, as illustrated in Fig. 2 , exhibited a significant modulation of activity in contralateral trials and ipsilateral trials (increase and decrease of firing rate in this case, respectively). The distribution of units based on bilaterality is given in Table 2 .
Bimanuality: Each neurone was qualitatively evaluated with respect to whether the discharge patterns observed in bimanual trials reflected the discharge patterns observed during left and right unimanual trials for the same events. In other words, was the bimanual activity predictable from the patterns of discharge observed in ipsilateral and contralateral unimanual trials?
A non-bimanual unit, without bimanual synergy reflected by the neuronal activity, is illustrated in Fig. 2 . In unimanual trials performed with the contralateral hand (middle graphs) there was a phasic excitation associated to the projection of the hand. There was no such projection activity while the animal performed unimanual trials with the ipsilateral hand, but there was later a sustained inhibition (bottom graph). As one could have predicted, bimanual trials exhibited a comparable phasic activity related to the projection of the contralateral hand as in contralateral trials (top graphs), followed later by a weak inhibition reflecting the contribution of the ipsilateral hand while pulling and maintaining the drawer open.
The unit illustrated in the left column of Fig. 3 is a striking example of a bimanual neurone. Weakly significant excitation was present in the two unimanual conditions (middle and bottom graphs), in particular a weak excitation associated to (right) hand projection in contralateral trials (arrow in middle graph). In the bimanual trials the same event (occurring later since bimanual trials started usually with the left hand) was correlated with a much stronger phasic excitation (arrow in top graph). In addition, the bimanual trials exhibited a strong sustained excitation starting in relation to picking and lasting also during the hand withdrawal phase (top graph). These two strong excitations observed only in bimanual trials are related to individual movement components also present in the unimanual trials and therefore they are likely to be specific of the bimanual context.
A GPe unit classified as bimanual is illustrated in the right column of Fig. 3 . A strong and sustained preparationactivation was present in bimanual trials (preceding the gosignal), much stronger than the sum of the (weak) excitations observed in the delay period of the two unimanual conditions. Furthermore, in the bimanual trials, a strong excitation was present after the go-signal associated to hand onset (arrow), absent (or very small) for hand onset phases in the two unimanual trials. In St, GPe and GPi, there was a higher proportion of non-bimanual units (ranging from 56 to 71%) than bimanual units (Table 2) . Overall in the striatum and pallidum, about one-third of units (38%) was categorised as bimanual.
DISCUSSION
The present study is the first attempt to characterise the electrophysiological properties of striatal and pallidal neurones in relation to bimanual motor control. Such properties were established recently in motor cortical areas for a comparable task, namely in M1, SMA, PMd, PPC and CMA [7, 9] . A difference between basal ganglia and cortex is the low occurrence of instruction signal-related activity in St (4%) and GPe (12%), as compared to a range 20-40% of cortical neurons. Similarly, preparation related activities were observed overall in St and GP in 24% of modulated units, less than in motor cortex (range 45-100%) [7, 9] . Finally, movement related activity was observed in a vast majority of units in both basal ganglia and cortex.
Using quite different conditional motor tasks, previous studies reported visual instruction signal related activity in 16% of pallidal units [13] and 10-26% of striatal units [14, 15] . The proportion was even higher in St (81%) when a visual stimulus was used both as attentional and instructional cues [16] . Preparatory activities were observed in 12-24% of pallidal neurons [13, 17] and 7-33% of striatal units [14, 18] . The clear predominance found here of excitatory over inhibitory modulations of activity is consistent with previous data in the striatum [14] and pallidum [13, 19] . Distribution of units in the three anatomical divisions (St,GPe and GPi).The ¢rst column gives the number of units exhibiting a signi¢cant modulation of activity (respectively nonmodulated units). The second, third and fourth columns indicate the number of units exhibiting signal, preparation and/or movement related activity. A given unit may appear twice (e.g. both preparation and movement activities). Similarly, the two rightmost columns give the respective number of units characterized by an increase and/or a decrease of discharge rate either during the signal, preparation and/or movement epochs, respectively. For each type of unit, the relative proportions with respect to the total number of modulated units is given as a percentage within parentheses. Distribution of modulated units in the three anatomical divisions (St, GPe and GPi), based on the criteria of ''bilaterality (columns1 and 2) and bimanuality (columns 3 and 4). For each division, the relative proportion of units in the two classes is given as a percentage within parentheses, making 100% in total within each division. In St, one modulated unit does not appear in the columns1and 2 because no signi¢cant modulation of activity was observed in unimanual trials, but only in bimanual ones (the percents thus refer to a total of 24 units instead of 25).
Concerning the issue of bimanual synergy, we found that about one-third of pallidal and striatal neurones exhibited discharge properties possibly reflecting bimanual synergy. An involvement of basal ganglia in inter-limb co-operation, as derived here from electrophysiological data, is consistent with clinical observations of bimanual deficits associated to pathologies of the basal ganglia [20] [21] [22] [23] , as observed for inphase versus anti-phase cranking [20, 21] or lever bimanual movements [22] , and for bimanual figure drawing [23] . Bimanual deficits were observed in Parkinson patients only when each hand performed a different task whereas no deficit was found when the hands performed the same task simultaneously (for review see [20] ). This notion is in line with the present observation of a bimanual-related neuronal activity in the basal ganglia in a task where the monkeys performed different (complementary) movements with the two hands in the bimanual trials.
CONCLUSION
For the present bimanual task, the striatum and globus pallidus appear to represent a bilaterally organised structure, as reflected by the predominance of units modulated in Fig. 2 . Unit located in the putamen on the right hemisphere and illustrated by dot raster displays (left column) and PEHs (right columns) for the three conditions (bimanual, contralateral and ipsilateral trials). The vertical lines at time zero indicate the go signal, representing the event on which the trials were aligned. In the raster-display, each line corresponds to a trial with tic marks indicating the occurrence of an action potential. Di¡erent symbols indicate the occurrence of several discrete events (e.g. cue, hand onset, pick-in, pick-out; for clarity, hands onset have been omitted in the bimanual condition). The solid horizontal line in the PEH corresponds to the average baseline activity (in spike/s), whereas the dashed horizontal lines represent the baseline activity72 s.d. Binwidth=100 ms. unimanual trials irrespective of the hand performing the task. As compared to motor cortical areas, basal ganglia neurones are more specifically related to the execution of movements per se, during which most neurones were modulated. In contrast, few units were modulated during the preparation phase or in relation to the instruction signals. Neuronal activity possibly reflecting inter-limb coordination was observed in one third of units (bimanual neurones). Nevertheless, bimanual units were more frequent in the cerebral cortex (50-60% of units in M1, SMA, PMd and CMA, possibly slightly more in PPC) than in the basal ganglia, supporting the notion of a more prominent role played by the cerebral cortex than basal ganglia in the control of bimanual synergies.
